We have examined phytochrome regulated changes in transcript abundance for 11 different light regulated mRNAs in developing pea buds. Fluence-response curves were measured for changes in transcript abundance in response to red light pulses in both the low and very low fluence ranges. Most bean (25). In Lemna it has been shown that phytochrome affects transcription of the cab and rbcS genes in isolated nuclei (23).
transferring seedlings to continuous white light. One transcript responds to pretreatments ini the very low fluence range, several respond to pretreatments in the low fluence range (including chlorophyll a/b binding protein RNA and ribulose-1,5-bisphosphate carboxylase RNA), and several show no response to the red light under these conditions. The threshold of these low fluence responses is approximately 102 micromoles per square meter, one order of magnitude greater than the threshold of the low fluence responses to red Light alone.
The transcripts may also be grouped by their responses to white light treatment alone. Three of the clones correspond to transcripts whose abundance decreases after a 24 hour white lght treatment. The remainder of the mRNAs increase between 2-and 10-fold in response to the 24 hour white light.
Excitation ofphytochrome is responsible, in part, for the white light-induced changes observed in the steady state levels ofseveral specific nuclear encoded mRNAs. This phenomenon has been reported for transcripts of the genes encoding the cab' in barley (1) , Lemna (26) , pea (16, 17, 25) , and mung bean (25) ; rbcS in Lemna (26) , pea (16, 17, 25) , and mung bean (25) ; phytochrome in oat (9) ; NADPH:Pchlide oxidoreductase in barley (2) ; and a 17 kD chloroplast polypeptide in pea (21 bean (25) . In Lemna it has been shown that phytochrome affects transcription of the cab and rbcS genes in isolated nuclei (23) .
Phytochrome regulation occurs over two fluence ranges of R (5, 7, 20) . The LF response has a threshold of approximately 10' ,umol m-2 and is fully reversible by FR. This is the common phytochrome response observed in most plants. The VLF response has a threshold ofapproximately 10-3 gmol m-2. It is not reversible by FR; indeed it is induced by most FR sources (5, 7, 20) .
To date, the VLF response has only been observed in a limited number ofsystems. These include growth rates ofetiolated Avena coleoptiles and mesocotyls (3, 20) , anthocyanin synthesis in mustard seedlings (4) , and germination of dormant lettuce seeds (6, 7, 24) . A VLF response for Chl accumulation in peas is apparent if R of varying fluence is used as a pretreatment followed by a dark period and a subsequent white light treatment (18, 22) . Recently, we have also demonstrated, using etiolated pea buds, that cab transcripts have both a VLF and a LF response, whereas rbcS transcripts exhibit only a LF response (17) .
The mechanism whereby phytochrome regulates transcription and/or transcript abundance is unknown. In this paper, we describe the basic characteristics of phytochrome control for 11 unidentified phytochrome regulated messages and further characterize the phytochrome responses of cab and rbcS transcripts. We have measured the fluence-dependent accumulation of these transcripts in response to single pulses of R, the ability of FR to reverse these R effects, and the ability of FR to induce transcript accumulation in the absence of prior R treatments.
We have also used a pretreatment protocol similar to that described above which demonstrates an effect of VLF R for Chl accumulation in a subsequent white light period (18, 22 (Fig. 4) . (B) R fluence response experiment with supplemental in the range between l1'0tsmol m-2 (threshold) and I04 mnol m-2, white light (Fig. 5) .
the highest fluence assayed. Figure 3 . Nearly complete reversal is -70C until used for RNA extraction. The R (14) , FR (15) , and obtained for all transcripts after 10 min (7.5 x 10-s J cm-2) of green safelight (14) sources have been described previously. Data (17) .
Several hypotheses for this action of FR have been proposed (5, Preparation and Hybridization of RNA. RNA was prepared 20) . Regardless of the reason, the ability of FR to induce a VLF and fixed to nitrocellulose filters (BA-85; Schleicher and Schuell, response can be used to confirm the presence of such a response. Keene NH) as previously described (25) except that a Schleicher pEA170 RNA shows a VLF response to R (see Fig. 2A ). Figure and Schuell Mini Fold II slot blot apparatus (Schleicher and 4A shows a strong FR effect for pEA 170 RNA, confirming the Schuell) was used. All experimental slots contained 5.0 ;,g of presence of a VLF response to R. This behavior is similar to that total cellular RNA. Hybridization conditions and the preparation previously observed for the VLF component of the cab RNA and properties of the cDNA clones used as probes have been response (17) . described (25) . Approximately 100 ng of the cDNA clone was Figure 4B shows fluence response curves to FR for the rest of nick-translated and used as probe for 24 experimental slots in 1o the cDNA clones examined. These clones recognize RNAs which ml of hybridization buffer. The lengths of the various cDNA either show no response to R (pEA13 and pEA207) or which clones are reported elsewhere (25) .
exhibit only a LF response (pEA25, pEA46, pEA214, pEA215, Hybridization was quantitated by autoradiography and densipEA238, pEA277, pEA303, and pEA315) (Fig. 2, B and C) . The tometry as descinbed (17 25 influenced by events requiring continuous white light irradiation, such as chloroplast development. This appears to be the case for Chl accumulation, where a VLF response is apparent only when R is used as a pretreatment followed by a white light treatment (18, 22) . We have used this same protocol to determine if similar effects of subsequent white light can be seen for transcript accumulation.
To help interpret the effects of complex treatments involving both R and white light irradiations, we first determined the effect were probed by hybridization with 32P-labeled DNA from each of the cDNA clones indicated. The relative abundance ofthe RNA corresponding to each cDNA was determined by comparing the density of the autoradiographic images of the slots with a standard curve constructed from pBR322 DNA of the white light alone. By comparing the abundance of transcripts in buds of dark-grown plants with the abundance in buds of plants receiving 24 h of white light, it is possible to determine a white light induction ratio for each of the cDNA clones examined ( Fig. 1 for protocol) . These white light induction ratios are listed in Table I . It is noteworthy that three of the clones (pEA 170, pEA207, and pEA2 15) correspond to transcripts whose abundance decreases in response to the white light irradiation. This has been previously reported for pEA207 (25) . Both pEA 170 and pEA215 increase in response to red light alone, approximately 1.5-and 3-fold, respectively (Table I), while pEA207 shows no change (Fig. 2) . The remainder of the transcripts increase their steady state levels between 2-and 10-fold in response to the 24 h white light treatment. This is in contrast to the 1.5-to 5-fold in response to the single pulses of R (Table I) .
When R pulses of varying fluence are used as a pretreatment, followed by a 24-h dark period and a subsequent 24-h white light illumination period, pAB96, pSS 15, pEA25, pEA 170, pEA238, pEA303, and pEA315 RNAs show only LF responses. These responses have thresholds of approximately 102 Mmol m-2 of R (Fig. 5A) , one order of magnitude higher than the threshold for LF response to R alone (Fig. 2B) . Except for pEA 170 and pAB96, these transcripts show only low fluence responses to R alone. pEA170 shows only a VLF to R alone ( Fig. 2A) and thus its response in the pretreatment protocol is quite different. pAB96, which exhibits both a VLF and a LF response to R alone (17) , exhibits only a LF response to pretreatment before a white light treatment is given. The two remaining clones (pEA303 and pEA315) do not reach a plateau within the range of fluences examined and the protocol used.
pEA215, which shows only a LF response to R alone, shows both a VLF and a LP response to R in plants treated with supplemental white light (Fig. 5A ). The thresholds, at approximately 10-1 and 102 Mmol m-2, respectively, and the fluence response curves in general are similar to that measured for cab RNA in response to R alone (17) .
The remaining clones, pEA 13, pEA46, pEA207, pEA214, and pEA277, exhibit neither a VLF nor a LF response under these conditions (Fig. SC) . Although pEA 13 and pEA207 do not respond to R alone (Fig. 2C) , the remainder of this group of transcripts do show LF responses for R alone (Fig. 2B ).
DISCUSSION
We have used a variety of light treatments to further describe the characteristics of the previously reported (25) phytochrome responses exhibited by 11 different transcripts in etiolated pea buds. Fluence-response curves using single, short, R pulses show that LF and/or VLF responses can be observed for different transcripts. FR reversal studies and studies of the fluence-dependent accumulation to FR pulses have confirmed the VLF and LF responses observed. The cDNA clones corresponding to the transcripts comprising these categories are listed in Table II. When only a single R pulse is given, a majority of the transcripts we have studied show only a LF response. These include the transcripts encoded by the rbcS genes (17) and eight other transcripts reported here. One transcript, pEA 170, shows a VLF response only. Aside from the transcripts encoded by the cab genes (17) , no transcripts show both a VLF and a LF response to R alone.
The use of R pulses of varying fluence as a pretreatment has allowed us to group the transcripts using a different protocol than the simple R fluence response curves. This pretreatment protocol has been used to demonstrate the ability of a pulse of VLF red light to potentiate subsequent Chl accumulation in developing pea buds (18, 22) . Several of the transcripts exhibit LF responses to the R pretreatment, indicating the ability of a pulse of LF R to potentiate the accumulation ofthese transcripts. At least one transcript, pEA215, also exhibits a VLF response, indicating a similar potentiation effect of R in the VLF range. The two transcripts showing no response to the R treatment alone, pEA13 and pEA207, also show no response to the R pretreatment.
Several transcripts show a VLF and/or LF response to R when given alone, but not when the R is given as a pretreatment before white light (Table II) . There are several possible reasons for this observation. First, it is possible that the phytochrome signal resulting in the response to R alone is not capable of potentiating a white light response under these conditions. It is also possible Figure 2 . After 24 h in darkness, all seedlings were irradiated with white light (102 Mmol m-2 s9') for an additional 24 h prior to harvesting (Fig. 1). (A) , cDNA clones corresponding to transcripts 
